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ABSTRACT 

We analyse the observed correlation between galaxy environment and Ha emission 
line strength, using volume-limited samples and group catalogues of 24968 galaxies 
at 0.05 < z < 0.095, drawn from the 2dF Galaxy Redshift Survey (A/b, < -19.5) 
and the Sloan Digital Sky Survey {Mr < —20.6). We characterise the environment 
by 1) S5, the surface number density of galaxies determined by the projected dis- 
tance to the 5^^ nearest neighbour; and 2) pi i and P5.5, three-dimensional density 
estimates obtained by convolving the galaxy distribution with Gaussian kernels of dis- 
persion 1.1 Mpc and 5.5 Mpc, respectively. We find that star-forming and quiescent 
galaxies form two distinct populations, as characterised by their Ha equivalent width, 
Wo{Ha). The relative numbers of star- forming and quiescent galaxies varies strongly 
and continuously with local density. However, the distribution of Wo{Ha) amongst the 
star- forming population is independent of environment. The fraction of star- forming 
galaxies shows strong sensitivity to the density on large scales, P5.5, which is likely 
independent of the trend with local density, pi.i. We use two differently-selected group 
catalogues to demonstrate that the correlation with galaxy density is approximately 
independent of group velocity dispersion, for a — 200-1000 km s^^. Even in the low- 
est density environments, no more than ~ 70 per cent of galaxies show significant Ha 
emission. Based on these results, we conclude that the present-day correlation between 
star formation rate and environment is a result of short-timescale mechanisms that 
take place preferentially at high redshift, such as starbursts induced by galaxy-galaxy 
interactions. 

Key words: galaxies: clusters: general, galaxies: evolution, galaxies: interactions 
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1 INTRODUCTION 

The galaxy population today can be effectively described 
as a combination of two distinct types. The first are red, 
morphologically early-type galaxies with little or no cur- 
rent star formation; the remainder are blue, late-type galax- 
ies with active star formation. This segregation has been 
known for a long time; however the superb data from the 
Sloan Digital Sky Survey has revealed how surprisingly dis- 
tinct these two populations arc, at least in ter ms of their 
colours istrateva et al.ll200lHBaldrv et alJl2003^ . This seg- 
regation is known to be strongly mass-dependent, with the 
most massive galaxies b eing predominantly red, early-types 
jKauffmann et al.l I200I1 . It is currently unclear whether 
galaxy evolution at the present day consists of galaxies 
changing from one type to another in a short time, or of 
evolution in properties within a given class. 

Direct evidence of galaxy evolution comes from obser- 
vations of galaxies at different redshifts; this shows that, in 
the pas t, the average star formation rate (SFR) was much 
highe r llLillv et al.l ll996l: iMadau et all Il996l : IWilson et all 
|2002|) , and the typical star- forming galaxy was more lumi- 
nous llCow ic et al. 1999). Giv en the near-constancy of the 
SFR in the Milky Way (e.g. iRocha-Pinto et aljl200ol) . it 
seems likely that this downsizing effect is the main char- 
acteristic of the decline in global star formation: the most 
massive galaxies have recently stopped forming stars alto- 
gether, while less massive galaxies continue unhindered. 

A more indirect form of evolution is observed as the 
change in galaxy populations as a function of their environ- 
ment at a given epoch. In particular, galaxies in dense envi- 
ronr nents (i.e. clusters) tend to have early-type morphologies 
(e.g. iDressledligsd: iDominguez et 81.120011: iTreu et al.l2003ri 
and low SFRs llBalogh et 81.1119971 iBaloeh et alJll998lll999t 
IPoggianti et al.1^99r ~One interpretation of this trend has 
been that the cluster environment causes galaxies to trans- 
form their properties as they move, pulled by gravity, from 
low densi ty regions into the cluster centre. However, recent 
work (e.g. jPimbblet et al.l20 02: O'He lvl200dlKodama et alJ 
120011) . especially that based o n the 2dF Gal axy Redshift Sur- 
vey (2dFGRS, iMateus fc Sodre 2003: Lewis et al.ll2002al . 
hereafter Paper I) and Sloan Digital Sky Survey (SDSS, 
iGomez et al.ll2003 . hereafter Paper II) has shown that the 
correlation between galaxy type and local density extends to 
very low densities, well beyond the region where the cluster 
is expected to have much influence. These works showed that 
there is a smooth dependence of SFR on local galaxy density, 
and identified a "critical" surface density of 1 Mpc~^, where 
SFR correlations with environment first occur. This critical 
density is quite low, and corresponds to regions well out- 
side the virialised cluster region; this suggests that galaxies 
may be pre-processed in groups, bef ore they end up in clus- 
ters. This had been anticipated fe.g. IZabludoff fc MulchaevI 
Ll998, 2OO0i), since galaxy- galaxy interactions are known to 
induce star formation fe.g. lBarton et all2000l : lLambas et alJ 
l2003l) and such interactions should be common in groups. 
There is evidence that these interactions lead to the build- 
up of elliptical galaxies with hot X-ray halos which will later 
be incorporated into clusters (e.g. ^onnia^^^Be rtramll993l : 
iMulchaev fc Zabludofjll999l:ISmith et alJl2003H . Groups are 
also expected to be important because they are the first level 
of the super-galactic hierarchy. Models of galaxy formation 



assume the rate at w hich gas falls onto a galaxy depends on 
its environment (e.g. ICole et 311120001 : iHernauist fc Springell 
[2003). In these models, satellite galaxies do not have their 
own supply of hot gas to replenish gas in the disk used to 
form stars. Thus, star formation will g radually decline in 
any galaxy which is part of a larger halo iBalogh et al.l2000l : 
iDiaferio et"aI]l200Jl : groups will be the first environment to 
demonstrate this effect. 



1.1 Previous Work 

Our understanding of galaxies in groups and lower density 
environments has been hindered by the difBculties in obtain- 
ing large, unbiased samples. Mo st of the work has been re- 
stricted to compact groups (e .g. Hickson 1982; Rubin et alj 
19911 llglesias-Paramo fc Vi'lchez. 1999: .Coziol et al.. . 20001: 
Nishiura et alJ I2OO0I: IVerdes-Montenegro et alJ 1200 ll : 
de la Rosa et al.l I2OO1I: iKelm fc Focardi l2003l) . which are 
most likely to be physically bound systems. However, these 
may be a special class of group, not representative of a 
typical stage of the hierarchy through which most galaxies 
evolve. 

iPostman fc GelieJ I^S^) analysed the morphology- 
density relation in groups sele cted from the CfA redshift 
survey jGeller fc HuchralligSSTl and demonstrated that the 
original relation found in clusters by iDressleJ (Il980ll ex- 
tends continuously to lower densities. Below a density of ~ 1 
Mpc~^ (-^3(0) < —17.5) no further correlation is seen. Simi- 
lar tren ds have since been confirmed in numerous other stud- 
ies (e . g. IZabludoff fc Mulchaevl[T99l iHashimoto fc OemleJ 
[ 19991: iTran et alJ I2OOII: iTreu et al.1 l2003l) . Interestinglv. 
^ostanar^TG^Uen 1^8^ found the trend with local density 
is the same in both rich clusters and poor groups; the only 
difference is that poor groups typically sample lower den- 
sity regions and, thus, have populations more dominated by 
late- type galaxies. It has been argued based on this evidence 
that galaxy-galaxy interactions within the group environ- 
ment are the mechanism responsibl e for the high fractions 
of early-type galaxies in clusters (e.g. j Zabludoff fc MulchaevI 
Il998ll2000l: IHashimoto fc Oemlejl2000r 

Less work has been done on the stellar populations of 
group galaxies, though there is good evidence that they 
are i ntermediate between those o f the field and rich clus- 
ters llAllington-Sniith et al.l Il993t IHashimoto et alJ Il998l : 
iGirardi et alJ 120021: iTran et alJl200ll : ICarlberg et al.ll200lfl . 
More recently, analysis of SFRs in galaxy groups selected 
fro m the partially-complet e d 2dF GRS survey has been done 
bv lMerc han fc Zandivar e3 ^2002^ . Based on this group cat- 
alogue. lMartine^^^dTl)2002ll found that even the lowest- 
mass groups, with masses ~ 10^'^ Mp,, show r educe d total 
SFRs relative to the field. iDomfnguez et all i2002f) claim 
that the spectral-type dependence on local density is only 
observed in groups more massive than 3 x IO'^^Mq ; however, 
this claim appears to arise mostly from the fact that their 
low-mass groups do not sample densities as high as found in 
the higher-mass groups. 

1.2 The purpose of this paper 

We analyse the local correlation between star-formation 
activity and environment using data obtained from the 
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two largest galaxy surve ys ever conduc ted: the 2dFGR S 
JColless et al.ll200ll.l2003h and the SDSS dVork et alJl20o3) . 

In particular, we have selected a sample of galaxy groups 
from each survey, but in significantly different ways. Since 
the definition of a group is partly subjective, and a variety 
of algorithms have been developed to find groups in redshift 
surveys, comparing results from the two catalogues allows 
us to investigate the sensitivity of our results to the way the 
group catalogue is constructed. 

The purpose of this paper is to establish how star forma- 
tion in the galaxy population, as characterised by the distri- 
bution of E[q emission, depends on environment. Specifically, 
we will investigate whether the most important variable is 1) 
velocity dispersion of the embedding group or cluster; 2) lo- 
cal galaxy density, on scales % I Mpc; or 3) large-scale struc- 
ture, as parameterised by the density on ~ 5 Mpc scales. We 
will show that the number of actively star-forming galaxies 
depends on both the local and large-scale density, but that 
the properties of the star-forming galaxies themselves do 
not. 

A summary of the paper follows. In Section |21 we de- 
scribe the details of the two datasets analysed herein, focus- 
ing on the construction of group catalogues, measurement 
of emission line strengths, and sample selection. Our results 
are presented in Section |21 We discuss the physical implica- 
tions of our results in Section |1] and draw some conclusions 
in Section |S] Throughout the paper we use a cosmology of 

= 0.3, r^A = 0.7 and Ho = 100ft km s"^Mpc"\ with 
h — 0.7. All distances are proper lengths in units of Mpc. 



2 DATA 

We will use local data gleaned fr om the two largest redshift 
surveys availab le: the 2dFGRS JColless et al.ll200ll Eoo3) 
and the SDSS iYork et al. .2Q0a) . Below we summarise the 
data in each survey, and describe our group catalogues, emis- 
sion line measurements, and sample selection criteria. 

2.1 The 2dF Galaxy Redshift Survey 

2.1.1 Summary of the data 

The 2dFGRS has obtained over 220 000 spectra of galaxies 
selected in the photographic 6j band, from the APM galaxy 
catalogue. The targeted galaxies are located in two con- 
tiguous declination strips, plus 99 randomly located fields. 
One strip is in the southern Galactic hemisphere and cov- 
ers approximately 80° x 15° centred close to the SGP. The 
other strip is in the northern Galactic hemisphere and cov- 
ers 75° X 10°. The 99 random fields are located over the 
entire region of the APM galaxy catalogue in the southern 
Galactic hemisphere outside of the main survey strip. We 
only use the contiguous fields f or this work. Full de tails of 
the survey strategy are given in lCoUess et al.l (1200 ill . 

The survey spectra were obtained through ~ 2" fibres, 
and cover the wavelength range 3600-8000A at 9A resolu- 
tion. Only the wavelength range of 3600-7700A is used dur- 
ing the line fitting procedure due to poor signal to noise 
and strong sky emission in the red part of the spectrum. 
The wide wavelength range is made possible by the use of 
an atmospheric dispersion compensator (ADC) within the 



2dF instrument llLewis et al.ll2002d). The accur acy o f each 
individual redshift is ~ 85kms" JColless erai]l200iri . 

2.1.2 The group catalogue 

The group catalogue is based on a friends-of-friends perco- 
lation algorithm, which links neighbouring galaxies together 
if they lie withi n a specified linking-length of each other 
jEke et al.ll2003D . The linking-length is scaled with redshift 
in order to obtain groups of a constant overdensity in the 
magnitude limited survey. This is done by scaling the length 
according to n^z)"^^^ , where n(z) is the mean galaxy density 
at redshift z. Furthermore, the linking length along the line 
of sight (I'll) is allowed to be larger than that in the plane of 
the sky {£±), to account for the effects of peculiar velocities. 
The algorithm is extensively tested on mock catalogues de- 
rived from numerical simulations with erg — 0.9, so the com- 
pleteness and contamination of the catalogue is understood. 
For details we refer the reader to |Eke ct al. 2003); we briefiy 
review the salient points here. The mock galaxy catalogues 
are created using the semi-analytic models of ICole et all 
(20o3), with the 2dFGRS selection function. Groups identi- 
fied from this mock catalogue are then compared with the 
corresponding "true" group, identified as galaxies populat- 
ing dark matter halos identified using a friends-of-friends 
algorithm with a linking length of b — 0.2 times the mean 
particle separation. The parameters of the group-finding al- 
gorithm are tuned to provide the best match between the 
median properties (size and mass) of the observed and true 
groups. These best-fit parameters are b = fj_n(2)^''^ = 0.13, 
ix.max = 2h~^ Mpc and R = 11, where I/_L,max is the max- 
imum linking-length permitted across the line of sight and 
R = l^^/i±. These values are insensitive to as for reason- 
able values of the normalisation. Small, parameterised per- 
turbations of b and R are allowed to remove small differ- 
ences in the recovered properties that correlate with halo 
mass. The median recovered velocity dispersions are accu- 
rate to better than ~ 10%, independent of halo mass, when 
compared with the velocity dispersion of the parent dark 
matter halo; however, the scatter in this accuracy is large. 
The catalogue is highly complete, recovering > 95% of ha- 
los with dark matter mass M ^ 4 x 10^^ Mq; the price 
to be paid is some contamination from unphysical systems. 
For the most massive haloes, the algorithm is susceptible 
to a small amount of fragmentation; approximately 10% of 
haloes with M ^ 10^^ M© are fragmented into more than 
one group with mass at least 20 per cent that of the parent 
dark matter halo. 

For each group, we ca lculate the velocity disper sion us- 
ing the g apper estimate of | Wainer fc ThissenI il976l) , as dis- 
cussed in lBeers et alJ 1119901 . which is insensitive to outliers. 
The group centre is computed by iteratively rejecting the 
most distant galaxy until only two galaxies remain; the cen- 
tre is taken to be the position of the brighter of these two 
galaxies. 

2.1.3 Ha as a star formation tracer in the 2dFGRS 

The SFR is directly related to the Ha emission luminosity 
(e.g. iKennicutdligsl) . and we will use this emission line as 
our tracer of star formation. To provide a reliable description 
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of SFR, however, Ha luminosities need to be corrected for 
underlying absorption, dust exti nction, and aperture effects, 
all of which a re imp ortant (e.g. ICharlot fc Longhettiir200lt 
iHopkins et"ai]l200li l2003t lAfonso et al."2003Y When these 
corrections are made, there is good agreement between Ha- 
derived SFRs, and those deri ved from the far infr ared, ra- 
dio or ultra-violet continuum llHopkins et al.ll2003ll . In this 
paper, however, we will focus only on the rest-frame equiv- 
alent width of the Ha line, Wo{Ha), corrected for underly- 
ing absorption (see below). Uniform dust extinction will not 
affect the Wo( Ha), though selective extin ction around mas- 
sive stars will dCharlot fc Longh ettill200lh . Aperture correc- 
tions to the flux can be substa ntial, typic ally ranging from 
a factor ~ 2 to ~ 6 jHopkins et aLlbOOaTl : however, the ef- 
fect of this missing flux on Wo{Ha) depends on the spatial 
distribution of the Hq emission. As long as the size distri- 
bution of galaxies is independent of environment, neglecting 
this correction does not affect the results of this paper. We 
will demonstrate that this assumption is justified, in Ap- 
pendix^ 

As described in Paper I, all of the measurements of 
line equivalent widths have been performed using a com- 
pletely automatic procedure. In summary, up to 20 individ- 
ual absorption and emission lines are fitted simultaneously 
with Gaussian profiles. The Ha emission line is accurately 
deblended from the adjacent [Nll]A6548A and [Nn]A6583A 
lines; the [Nil] lines are constrained to be in emission while 
the Ha line may be either emission or absorption (but not 
both); measurements are made whether or not the line is 
detected in emission. We will add lA to the Ha equivalent 
widths to a pproximately accou nt for the efl'ects of stellar 
absorption (Hopki ns et al ]|2003'). This correction is not im- 
portant for galaxies with significant emission, which are of 
interest here, but ensures that the mean Wo[Ha) is never 
much less than zero. Because of the uncertain flux calibra- 
tion of the 2dFGRS spectra, we do not derive Ha luminosi- 
ties, or SFRs, but restrict the analysis to the observable 
quantity Wo{Ha). 

We also wish to exclude from the analysis galaxies in 
which most of the emission comes from an active galactic nu- 
clei (AGN). Since the flux calibration is not reliable over long 
wavelengths, we just use the criterion [Nn]A6583/Ha > 0.63 
to identify AGN-dominated spectra, when th e equivalent 
widths of both lines are greater than 2 A (e.g. iMiller et alJ 
|20o3). Since the AGN fraction docs not appear to correlate 
with environment, however (Miller et al. 2003), the correc- 
tion does not affect any of the conclusions in this paper. 

2.1.4 Sample selection 

We select a volume-limited subset of the contiguous fields, 
where the lower redshift limit, z > 0.05, is chosen to reduce 
our sensitivity to aperture effects. The upper redshift limit, 
z < 0.095, is chosen because measurement of Ha emission 
becomes difficult when it is redshifted beyond ~ 7200 A 
and night sky emission lines are strong^. At this redshift, 
the magnitude limit of the survey (6j = 19.45) corresponds 

^ In Paper I wc used an upper limit of 2 = 0.1; the small change 
here is made for consistency with the SDSS sample as presented 
in Paper II and this paper. 



to a k-corrected luminosity of Alb ~ —19. However, for con- 
sistency with the SDSS sample (see Appendix 0, we limit 
th is sample to M i, = — 19.5, using the average k-correction 
of iNorberg et al.l J2002I) . Finally, we exclude galaxies that 
are within 2 Mpc of a survey boundary; more stringent cuts 
are made when computing densities on various scales, as 
appropriate. 

Our final, volume-limited sample contains 20154 galax- 
ies. For computations of Wo{Ha), we exclude galaxies in 
which the continuum was negative, or a Gaussian was a 
poor fit to the line (see Paper I). Furthermore, we restrict 
our analysis to data taken after August 1999, since the ex- 
treme ends of spectra obtain ed earlier are sever ely affected 
by problems with the ADC jLewis et alJl200 2bY These re- 
strictions reduce the usable sample to 12683 galaxies. Of 
these, 846 (6.7%) are identified as AGN (see Section ITOl 
and excluded from the sample. This leaves 11837 galaxies, of 
which 7012 (59 per cent) are in the friends-of-friends group 
catalogue; 1577 (13 per cent) are in groups with at least ten 
members above the luminosity limit, which we use for our 
analysis. This latter requirement is made so that meaningful 
estimates of local density can be made. We use the friends- 
of-friends linking algorithm to designate group membership, 
rather than selecting all galaxies within some specified ra- 
dius of a chosen centre. No further selection of the clusters 
is made, and some of the systems are therefore dynamically 
unrelaxed groups, for which the velocity distribution is not a 
reliable indicator of dynamical mass. The velocity dispersion 
distribution of groups with more than ten bright members 
is shown in Fig.Q As described in Section f2.1.2l this is de- 
signed to be a very highly complete catalogue that will still 
have some contamination from unphysical systems, though 
this contamination is substantially re duced by our sel ection 
of groups with at least ten members jEke et alJl2003l) . 

2.2 The first SDSS data release 

2.2.1 Summary of the data 

The SDSS ("http:// www.sdss.org) is a joint, 5 passband {u, 
g, r, i, z), imaging and medium-resolution [R ~ 1800) 
spec troscopic survey of the Northern Galactic Hemisphere 
(see lYork et"ai]|200l for details). In May 2003, the SDSS 
publicly released the first official set of data, named DRl, 
which comprises 186,240 spectra of galaxies, stars and 
QS Os over 1360 deg^ of sk y. This release is fully described 
inj[^baz^ian et al.' i2003h . and the reader is referred to 
IStrauss et aL l,2002il for a detailed description of the spec- 
troscopic target selection for the SDSS main galaxy survey. 

The spectra are obtained from 3" diameter fibres, larger 
than those of the 2dFGRS. The spectrographs produce data 
covering 3800-9200 A, with the beam split at 6150 A by a 
dichroic. The spectral resolution at A ~ 5000 A is ~ 2.5 A, 
and redshift uncertainties are ~ 30kms~^. 

2.2.2 The group catalogue 

Groups are selected from the SDSS in a fundamentally dif- 
ferent way from 2dFGRS groups (cf. Section I2.1.2L which 
allows us to test the sensitivity of our results to the group- 
finding algorithm. The SDSS algorithm (Nichol, Miller et al. 
in prep) is a semi-parametric, high dimensional technique 
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Figure 1. The histogram shows the abundance of groups with at 
least ten members in the 2dFGRS sample as a function of velocity 
dispersion, corresponding to the left axis. The solid points are the 
average number of galaxies (brighter than M;, = —19) per group, 
with values corresponding to the right axis. The error bars span 
the range from the 10th to 90th percentile of the distribution. 



developed to find galaxies clustered in both position and 
colour. The premise is that galaxies within clusters evolved 
similarly, and thus galaxy clusters contain subsets of galaxies 
that have similar spectral energy distributi ons (SEP). Note 
that this is not a red-sequence finder fe.g. iGladders &: Yed 
I2n0(tl . and will detect groups of blue galaxies if they have 
similar colours. Galaxy colours are used as a proxy for the 
shape of the SED since they cover a larger wavelength range 
than the spectra and because the dimensionality of the prob- 
lem is reduced to a manageable 7-d space (two spatial posi- 
tions, redshift, u — g, g — r, r — i, and i — z). In practice, we 
expect clusteri ng in colour-space to b e a signal from the red 
sequence (e.g. iGladders fc'Ye3l200dl . Galaxy overdensities 
in this 7-d space are found by comparing to random loca- 
tions in the SDSS DRl survey. By design, the algorithm is 
extremely pure (i.e. few false positives). This high purity is 
the result of the lack of projection in 7-d space, and the use 
of the False Discovery Rate statistical method in choosing a 
threshold above which galaxies are considered clustered (see 
LMillcr ct al. 2001). 

The algorithm has been tested against mock catalogues 
(Wechsler et al., in prep), in which galaxies are assigned 
r-band magnitudes and placed onto dark matter particles 
in such a way that the luminosity-dependent clustering of 
the SDSS seen in .Blanton et al . (2003a) is matched. The 
remaining magnitudes are then added in so that the corre- 
lation between colour and local density, as observed in the 
SDSS, is also matched. The same cluster-finding algorithm 
used on the real data is then run on the mock catalogues. 
Preliminary tests show that the cluster catalogue is > 90% 
complete for clusters with mass M > 2.5 X 1O"M0; the 
completeness decreases toward lower masses. The catalogue 
is 100% pure for systems with Af > 5 x 10^* M© and always 



greater than 90% pure (Nichol, Miller et al., in prep.). We 
exclude groups in which the velocity distribution (measured 
using all galaxies, not only those identified as clustered in 
colour space) is significantly different from a Gaussian, so 
that we preferentially select dynamically isolated, relaxed 
systems. The final catalogue contains 104 bona-fide clusters 
with reliable velocity dispersions that are likely indicative of 
system mass. This catalogue is a good complement to the 
2dFGRS catalogue, as it is a highly pure catalogue (i.e., with 
little contamination), at the expense of being incomplete for 
low-mass groups. All galaxies within 1000 km s~^ and twice 
the virial radius (defined by the galaxy number overden- 
sity relative to the field) of the cluster are considered group 
members; the exact radius chosen is not important because 
we present our data as a function of local density, which 
correlates well with radius within the virialised region. 



2.2.3 Ha as a star formation tracer in the SDSS 

We will again use the Ha equivalent width as a tracer 
of star formation, as we have done for the 2dFGRS sam- 
ple (see Section |2. 1.311 . Emission and absorption lines are 
measured automatically from the spectra by fitting multi- 
ple Gaussians where required. Again a measurement is pro- 
vided for every line, whether or not it was detected in emis- 
sion, and w e make a lA correc tion for underlying stellar 
absorption jHopkins et alj|2003l) . The effect of convertini 
WoiHa) to SFR us ing various conversions (e.g., Ke nnicut 
il99a: .Hopkins et al.. ,2001: Chariot & Longhetti 2001,), were 
discussed in Paper H and will not be considered here. 

For the SDSS spectra we can more effectively ex- 
clude AGN (relative to the 2dFGRS), since the spectra 
are accurately flux calibrated. Here, we will consider the 
[ Nil] A6583/Hq and [ Qni]/H/3 ratios, using the classification 
of lMiller et all i2003r . Where possible, all four lines are used 
to identify AGN; if only one of the ratios is available, then 
only that one is used. Most (87%) of the AGN are identified 
based on the [Nii]/Hq ratio alone. 



2.2.4 Sample selection 

We will use the same volume-limited sample as in Paper II. 
The main criteria for selection are 0.05 < z < 0.095 and 
Mr < -20.6 (k-corrected, for Ho = 70kms~^Mpc"^). As 
for the 2dFGRS data, the lower redshift limit is imposed 
to minimise aperture bias due to large nearby galaxies (see 
AppendixIXlfor more detail). The upper redshift limit is that 
where our lumi nosity limit equals th e magnitude limit of the 
SDSS (r = 17.7: IStrauss et aLl200jl . From a volume-limited 
sample of 19287 galaxies we exclude 4237 that are within 2 
Mpc of a survey boundary, and another 64 galaxies for which 
no reliable measurement of Hq is available, leaving 14986 
galaxies. Finally, removing a ~ 12% AGN contribution we 
have 13131 galaxies in the final sample. Of these, 1939 (15%) 
are associated with a group in the catalogue. 

In Fig. 121 we show the velocity dispersion distribution 
for the selected subset of SDSS groups. The distribution is 
different from that of the 2dFGRS groups (Fig.0, likely due 
to the fact that the former catalogue is incomplete at the 
lowest velocity dispersions, while the latter has more con- 
tamination. Furthermore, the SDSS catalogue includes a few 
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Figure 2. As Fig.0 but for groups in the SDSS sample, restricted 
to groups with at least ten member galaxies brighter than Mr = 
-20.6. 

clusters with very high velocity dispersions, a > 800 kms^^, 
while such large systems tend to be fragmented in the 2dF- 
GRS catalogue. 

2.3 Homogeneity of the samples 

In using the 2dFGRS and SDSS data together, we need to 
ensure that the samples are comparable in terms of selec- 
tion and derived measurements. This detailed comparison is 
made in Appendix^ The only difference relevant to our re- 
sults is that the 6j-selection of the 2dFGRS results in a sam- 
ple that is more biased toward galaxies with large Wo{Ha) 
than the r— selected SDSS. Because of this difference, we 
will show most of our results for the two surveys separately. 
The final combined sample contains 24968 galaxies and 204 
groups with at least ten members. Approximately 14% of all 
galaxies in the sample are associated with a group. 

2.4 Density Estimates 

The local galaxy number density around a given galaxy is 
not in itself a well-defined quantity. As can be anticipated 
from the shape of the correlation function (e.g. Baugh ct al. 
[^Q^), the density of neighbouring galaxies tends to increase 
as you probe closer to the target galaxy (see Appendix lC2ll . 
We are therefore faced with two choices when characterising 
the density around a galaxy. One is to measure the density 
within a fixed distance scale. This ensures that both high- 
and low-density regions are measured at the same scale; how- 
ever, the measurement is noisy and of limited dynamic range 
due to the arbitrarily small, and finite, number of galaxies 
within the chosen distance. On the other hand, we can use 
a systematically larger scale in lower density regions. This 
improves sensitivity and precision at low densities, but may 
be difficult to interpret because high- and low-density envi- 
ronments are measured at different physical scales. Without 



prior knowledge of the nature of the relevant physical ef- 
fects, we cannot say which is the more meaningful estimate. 
For example, if we believe galaxy-galaxy interactions are im- 
portant, then perhaps it is only the dis tance to the nearest 
neighbour that is relevant jLambas et al. 20031. It is easy 
to imagine scenarios where either the distance to the N"* 
neighbour, or density measured on a physical scale, is likely 
to be more meaningful. 

In this paper, we will adopt two density estimators, 
which are described in Appendix |n| The first is a tradi- 
tional projected density estimate, E5, which is based on 
the projected distance to the fifth-nearest neighbour within 
±1000 km s~^. Inasmuch as we are willing to believe that 
galaxies can be found in discrete, relatively isolated groups, 
we must be cautious about interpreting our density estimate 
in groups where the number of members is less five. For a 
group with only four members, the fifth nearest neighbour 
will clearly not lie in the same group and, therefore, the 
density computed from this distance may not be what is 
wanted. To ensure that we maintain our intuitive idea of a 
local environment within groups, we only consider groups 
which have at least ten galaxies brighter than our luminos- 
ity limit. Furthermore, we exclude any galaxies in which the 
fifth-nearest neighbour is more distant than the closest sur- 
vey boundary, or within 1000 kms~^ of our redshift limits, 
to ensure accurate measurements. This may bias us against 
finding low-density regions, but does not affect the observed 
trends of galaxy property with E5 (e.g. iMiller et al. 2003') . 

The second estimator is a three-dimensional density pe , 
obtained by convolving the galaxy field with a Gaussian of 
dispersion 9. In particular, we will consider the density mea- 
sured on scales 9 = 1.1 and 5.5 Mpc (see Appendix 1^. 
These measurements underestimate the density in clusters 
with large velocity dispersions, but are particularly useful 
for probing low density regimes where peculiar velocities are 
small. The main disadvantage is that the signal-to-noise ra- 
tio varies with density, and is low at low densities, when 
there are few galaxies within the aperture. In our analysis 
we will therefore indicate the density at which there is less 
than one galaxy within the Gaussian dispersion 9, and will 
exclude any galaxies which are located less than 29 from a 
survey boundary, to avoid biassing the density estimate. 



3 RESULTS 

3.1 Dependence of Wo{Ila) on environment 

In Papers I and II we showed that there is a strong correla- 
tion between Wo{Ha) distribution and local galaxy density. 
In this section we will first define precisely what property 
of the galaxy distribution correlates with environment; then 
proceed to explore how this correlation depends on the def- 
inition of local environment. 

3.1.1 Bimodality in the Wo[Ha) distribution 

In Fig.l^we present the correlation between Wo{Ha) and E5 
for the 2dFGRS and SDSS samples. On the top axis we show 
the distance to the fifth-nearest neighbour corresponding to 
E5, which shows that at the lowest densities we are mea- 
suring the galaxy distribution on ^ 3 Mpc scales, while in 
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Figure 3. The dependence of Wo{Ha) on projected, local density 
for the 2dFGRS (left panel) and SDSS (right panel) samples. The 
top axis shows the distance to the 5"" nearest neighbour, from 
which S5 is computed. The solid lines show the median and 75th 
percentile of WQ{Ha), in bins of 100 galaxies. Although wo only 
plot the data for Wo(Ha)< 40A, they extend to Wo(Ha)^ lOOA; 
see Fig. lB2| for the full Wo(Ha) distributions as histograms. 



the densest regions the measurement is made at <^ 300 kpc. 
Recall (Section 12.41 that we exclude any galaxy for which 
the fifth-nearest neighbour is more distant than the nearest 
survey boundary, or within 1000 kms~^ of our redshift lim- 
its. The solid lines show the median and 75th percentile of 
the Wo{Ha) distribution. In both cases, we reproduce the 
results of Paper I and Paper II; the distribution changes dis- 
tinctly, at a density E5 ~ 2 Mpc"'^. This is characterised by 
the near-total lack of galaxies with large Wo{Ha) at densi- 
ties greater than this value. At lower densities, there remains 
a correlation between Wo{Hoi) and E5; however it is weak, 
with the average Wo{Ha) increasing by only ~ 25 per cent 
over an order of magnitude in local density. The difference 
in normalisation between the SDSS and 2dFGRS surveys is 
due to the different selection criteria for the spectroscopic 
sample, as discussed in Appendix [51 

The Wo{Ha) distribution shown in Fig. |3] reveals the 
presence of two distinct galaxy populations; those with sig- 
nificant, ongoing star formation covering a broad range in 
Ha strength (from ^ 4A to > 40 A), and those with no 
ongoing star formation, which form a conspicuous horizon- 
tal ridge line about Wo{Ha)= 0. (This is more clearly 
seen in Fig. IB2I where we show the Wo{Ha) distribu- 
tions as histograms) . Th is recalls the bimoda l ity observed in 
the co lo ur distribution l|Strateva et aljl200ll : iBlanton et alJ 
lioOsH); iBaldrv et all l|^0^"7nd~that the red peak distri- 
bution can be explained as the result of mergers between 
galaxies in the blue peak. We will therefore focus our anal- 
ysis on the star-forming population, and its variation with 
environment. 

In Fig. 2] we show the Wo(Ha) distribution only for 
those galaxies with Wo{Hq)> 4 A, in environments with 
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Figure 4. The Wo(-ffo) distribution for galaxies in the 2dF- 
GRS (left panel) and SDSS (right panel) with Wo{Ha)> 4A, 
in low-density environments (S5 < 0.2 Mpc~^, dotted line) and 
high-density environments (S5 > 2 Mpc~'^, solid line). We show 
Poisson-distributed error bars on the high-density subsample, 
which is the smaller of the two. 



the highest and lowest E5 densities. The distributions are 
very similar; a Kolmogorov-Smirnov test cannot reject the 
hypothesis that the low- and high-density distributions are 
drawn from the same population with more than la confi- 
dence. Any difference, no matter how significant, must be 
small: the mean WoiHa) is ~ 21. 5A and ~ 20A for the low- 
and high-density populations, respectively, in both the 2dF- 
GRS and SDSS samples. Thus, the observed trend of mean 
Wo{Ha) with density (Fig.l^l is due almost entirely to the 
relative proportion of galaxies with Wq{Hq.)> 4 A; there is 
at most weak sensitivity to environment within the actively 
star forming population alone'^. 



3.1.2 The abundance of star-forming galaxies 

Motivated by the results of the previous subsection, we show, 
in Fig. 1^1 how the fraction of galaxies with Wo{Ha)> 4 
A depends on E5. It is evident that the fraction decreases 
steadily with increasing density; the break at E5 ~ 2 Mpc"'^ 
is still there, but less apparent than in Fig. |3] 

Since the identification of a characteristic density can 
have important implications, it is useful to understand why 
it appears so strongly in Fig. 13 (and Papers I and II) but 
is much weaker in Fig. |H| Upon close examination, a change 
in slope is most evident in the median of the 2dFGRS, at 
E5 ~ 1 Mpc~'^, and in the 75th percentile of the SDSS, at 
E5 ~ 3 Mpc~^. From Fig. I^we see that these two densities 
correspond to the point at which the fraction of galaxies with 



^ We will not deal directly with the distribution of Wo{Ha) in 
galaxies with Wo{Hol)< 4 A, since this distribution is most likely 
dominated by measurement uncertainties, including systematic 
effects like stellar absorption, rather than star formation activity. 
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Figure 5. The fraction of galaxies with Wo{Ha)> 4 A as a func- 
tion of local density for the 2dFGRS (bottom panels) and SDSS 
(top panels) samples. The solid lines represent the full galaxy 
sample, in bins each containing 250 galaxies. The dashed lines 
are restricted to galaxies which lie in groups or clusters with the 
indicated velocity dispersion, in bins of 50 galaxies each. Poisson- 
distributed uncertainties are typically ~ 0.1 on the dashed lines 
and ^ 0.05 on the solid lines. 

Wii{Ha)> 4A drops below 50 (2dFGRS) or 25 (SDSS) per 
cent; at higher densities the median and 75th percentile, re- 
spectively, are tracing the non-star forming population with 
Wo{Ha)< 4A, and the trend with E5 largely disappears. 

It is worth stressing that the trend with E5 is fairly in- 
sensitive to projection effects, despite the fact that we are 
projecting over a ±14 Mpc cylinder, and despite the nonuni- 
form density of the background, as we demonstrate in Ap- 
pendixEni To summarize the results of that Appendix, at 
E5 ~ 0.1 Mpc~^, where the projected contamination is ~ 50 
per cent, we only overestimate the emission-line fraction by 
about 5 per cent. This is because the emission-line fraction 
varies weakly with E5 at low densities, so there is little phys- 
ical difference between the properties of the target galax- 
ies and the projected galaxies. At high E5, the projected 
fraction drops strongly, both because the contrast with the 
field is increasing, and because the radius of the projected 
cylinder is decreasing. Thus, the observed emission-line frac- 
tion remains within ~ 5 per cent of the true value, despite 
the fact that the contrast between the target and projected 
galaxy populations becomes large. The observed trend with 
E5 is, therefore, a physical one. 

Fig. |K| also shows the correlation for galaxies in groups 
of different velocity dispersion. We note that, although ve- 
locity dispersion gives a good indication of the group mass 
on average, there is a significant scatter arising because our 
groups are not all relaxed, spherical systems. Therefore, the 
velocity dispersion in some cases will be a better indicator 
of substructure or dynamic state than of mass. The cor- 
relation of emission-line fraction with density is present in 
both high- and low- velocity dispersion groups, selected from 
either the SDSS or 2dFGRS. There is marginal evidence 




Figure 6. The fraction of galaxies with WQ{Ha)> 4A in the 
SDSS (dashed line) and 2dFGRS (solid line), as a function of 
three-dimensional density pi.i, estimated with a Gaussian kernel 
with 1.1 Mpc standard deviation. Each bin contains 250 galax- 
ies. The vertical, dotted line corresponds to the density where 
no galaxy lies within the Gaussian filtering scale 6, making the 
density estimate particularly noisy. On the top axis we show the 
estimated two-dimensional projected density within a cylinder of 
length 2000 km s~^, for comparison with S5. 



(particularly in the 2dFGRS sample) that galaxies in the 
highest-velocity dispersion clusters have a low fraction of 
galaxies with Wo{Ha)> 4A for their local density, relative 
to galaxies in lower-dispersion groups. Projection will have 
a more complex effect on this result, since the physical size 
of the group depends on a; in particular, we expect the over- 
estimation of both E5 and Wo{Ha) to be greater in high-cr 
clusters than in low-a clusters. This means the high-a clus- 
ter Wo{Ha) distribution should exceed that of low-a groups 
at a fixed E5; this is opposite to what we find, and cannot 
therefore be the explanation for the small observed differ- 
ence. Finally we note the remarkable similarity between the 
results for a < 400kms~^ groups in both samples. Since the 
2dFGRS catalogue is highly complete, and the SDSS cata- 
logue is highly pure, the persistence of a strong Wo{Ha)-T,5 
relation in groups from both catalogues is not likely due to 
a selection effect. 

We now consider the three dimensional Gaussian ker- 
nel density estimator with a 1.1 Mpc standard deviation, 
pi.i (the motivation for the choice of filtering size is given 
in Appendix mi. The pi.i density measure allows us to find 
galaxies in the very lowest density environments, which are 
not easily measured from E5 since that quantity projects 
the galaxy distribution over a 2000 km s"^ cylinder^. In our 
analysis, we exclude galaxies that are within 2.2 Mpc of a 
survey boundary, for which pi.i cannot be reliably deter- 
mined; we also note that pi.i becomes noisy when there are 



^ This projection corresponds to ~ 25 Mpc, much larg er than the 
linear size of typical void regions iBenson et alj|2003l) . 
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Figure 7. Galaxies in the 2dFGRS (left panel) and SDSS (right 
panel) are shown as a function of density computed on 1.1 Mpc 
and 5.5 Mpc scales, using a Gaussian filtering kernel (small dots). 
Galaxies in groups with a =200— 400 km s~^ are shown as open 
circles, while those with a > 600kms~^ are represented as 
crosses. Only galaxies that are at least 11 Mpc from a survey 
boundary are considered. The dashed line shows the minimum 
reliable density; below this there are fewer than one galaxy within 
the filter size 9 (the corresponding limit on P5.5 is off the scale of 
the plot). 



no galaxies within the filtering scale 1.1 Mpc, pi,i < 0.01 
Mpc-^ 

Fig.|S|shows how the fraction of galaxies with Wo{Ha)> 
4A depends on pi.i. To approximately compare this with the 
corresponding E5 value, we compute the projected density 
within a cylinder of length 2 x 1000 km s"'^ along the line of 
sight, to obtain an equivalent surface density, shown along 
the top axis. The emission-line fraction shows a strong de- 
pendence on pi,i, and gets significantly steeper at pi.i > 0.05 
Mpc~^. However, the correlation is still present at the low- 
est densities observed. It is not clear whether the change in 
slope at pi,i ^ 0.05 Mpc""^ highlights an interesting physi- 
cal scale, or if pi.i simply loses sensitivity to the underlying 
density distribution at low densities, an effect that would 
be exaggerated by the logarithmic scale. Furthermore, the 
highest densities (which tend to correspond to clusters with 
high velocity dispersions) will generally be underestimated 
as a result of large peculiar velocities, and this may be partly 
responsible for the change in slope. 

3.2 Local or Global Density? 

We have shown that the fraction of star-forming galaxies 
depends strongly on the local density, measured on scales 
^ 1 Mpc, and that this correlation is approximately inde- 
pendent of the velocity dispersion of the embedding cluster 
or group. However, velocity dispersion may not be the best 
measurement of large-scale structure; in this subsection, we 
will compare densities measured on 1.1 Mpc and 5.5 Mpc 



scales, to determine whether Wo{Ha) shows any indepen- 
dent sensitivity to structure on large-scales. 

In Fig.|7|we compare the Gaussian-filtered densities pi.i 
and P5.5 for galaxies in the SDSS and 2dFGRS samples. 
Galaxies are only considered if they are at least 11 Mpc from 
a survey boundary. In Appendix lC2l we show that these den- 
sity estimators are good tracers of intuitively dense and low- 
density regions, despite the complications of peculiar veloci- 
ties in clusters (Fig. lG4ll . Note that the 2dFGRS data extend 
to larger values of ps.s than the SDSS; these data arise from 
a large supercluster region at 2; 0.0839 and a ~ 195.5, 
5 ~ —2.9 (J2000 degrees). Fig.|7|shows a clear separation be- 
tween galaxies in groups (200 km s^^ < a < 400kms~^) and 
clusters (a > 600kms~^). Galaxies in both environments 
span a similar range in local environment, characterised by 
pi, I. However, galaxies in the high- velocity dispersion clus- 
ters lie at higher densities on 5.5 Mpc scales, as expected 
since they are physically larger systems. This is particularly 
true for the SDSS sample, where the groups are selected to 
have approximately Gaussian distributed velocities, so that 
there is likely to be less scatter in the relation between a 
and virial mass. Note that the higher velocity dispersions of 
clusters means that this pseudo-three-dimensional measure- 
ment will underestimate the density, more so than in groups. 
Thus the real difference between the clusters and groups is 
even larger than shown here. 

In Fig. |5] we illustrate how the fraction of emission- 
line galaxies (measured from the nearest 500 galaxies in this 
plane) depends on these two very different density scales. 
Interestingly, the contours are not parallel with either axis, 
which indicates that the population composition shows a 
dependance on large (> 5 Mpc) scales, in addition to the 
more local density measured at 1.1 Mpc. That is, the frac- 
tion of emission line galaxies is lower in regions that are 
overdense on 5.5 Mpc scales, even when the local (1.1 Mpc) 
overdensity is the same. We have checked that this is not 
an artifact of the smoothing or the correlation between pi.i 
and P5.5, in the following way. For each galaxy we assign a 
value of pB.5, chosen at random from among galaxies that 
have similar (within 10%) values of pi.i. This preserves the 
correlations between pi.i and P5.5, as well as between pi.i 
and Wo{Ha), but removes any residual correlation between 
P5.5 and Wo{Ha). In this case, the contours lie nearly paral- 
lel to the P5.5 axis, confirming that the correlation we see in 
Fig.|H]is real. There is some evidence that, at high densities, 
the fraction of Ha-emitting galaxies is mostly dependent 
on pi.i, and the dependence on larger scales becomes more 
important at lower densities. The dependence on large-scale 
densities is evidently stronger than the dependence on veloc- 
ity dispersion (Fig.|2J, despite the correlation between them 
(Fig.lZJ. 

A cautionary note needs to be added, however. Since 
pi.i and P5.5 are intrinsically correlated, errors on these mea- 
surements can give rise to the trends shown in Fig.|H| even if 
the galaxy population only depends on one parameter. How- 
ever, a comparison with mock catalogues strongly suggests 
that the observed dependence on both density scales is real 
(Balogh et al., in prep.). 



© 0000 RAS, MNRAS 000, 000-000 



10 Balogh et al. 



T 1 — I — I — I I I I 1 1 1 1 — I — I I I I 1 1 1 I 1 1 — I — I — I I I I 1 1 1 1 — I — I I I I 1 r 




0.01 0.10 0.01 0.10 

p, , (Mpc"^) (Mpc"^) 

Figure 8. Galaxies in tlie 2dFGRS (left panel) and SDSS (right panel) are shown as a function of density computed on 1.1 Mpc and 
5.5 Mpc scales, using a Gaussian filtering kernel. Only galaxies that are at least 11 Mpc from a survey boundary are considered. The 
contours trace the fraction of galaxies with Wo(i?a)> 4A, computed for the nearest 500 galaxies at each point in this plane. The contours 
are spaced in steps of 0.05, and increase toward lower densities. For the SDSS sample the contours span fractions 0.25-0.45, while for 
the 2dFGRS they span 0.35-0.65. 



4 DISCUSSION 
4.1 Overview 

Thanks to the unique size and homogeneity of the 2dFGRS 
and SDSS datasets, we have been able to trace the Hq distri- 
bution of galaxies over the full range of environments at the 
present day. This analysis has revealed three new, important 
clues about the process of galaxy formation: 

1. The change in Wo{Ha) distribution as a function of 
environment is predominantly due to a change in the rela- 
tive number of star-forming and non-star-forming galaxies; 
the Wo[Ha) distribution of actively star-forming galaxies 
themselves do not appear to depend strongly on environ- 
ment. This is a surprising result which challenges theories in 
which the environment at the present day induces a trans- 
formation in galaxy properties, as we discuss in detail in 
Section lO 

2. The fraction of star-forming galaxies increases con- 
tinuously with decreasing density. However, even at the 
lowest densities there is a substantial fraction of galax- 
ies with negligible Hq emission; we will discuss the con- 
sequences of this in Section [4.31 There is evidence that the 
correlation with environment becomes steeper at E5 ^ 1 
Mpc~^, an effe ct that is also seen in the morphology- 
density relation JPostman fc Gellcr 1984; Trou ct al. 2003). 
This may represent an interesting scale at which differ- 
ent physics becom e s imp ortant; for example, as noted by 
IPostman fc Gelleil il984l) . at this density the typical dy- 
namical time of the group is longer than a Hubble time, 
so g alaxy-galaxy interaction s may start to play a role (see 
also lZabludofffc Mulchaevl [l998. 2000). 

3. The fraction of galaxies with Ha emission may depend 
not only on the local density, but also on the density on 



much larger scales, ~ 5.5 Mpc. If this trend is real, it means 
the galaxy population must be only indirectly related to its 
present-day environment. We discuss the implications of this 
in Section im 

These three clues allow us to make advances in our un- 
derstanding of the evolution of star formation in the Uni- 
verse (Section 14.511 . and of any additional physics that may 
take place in dense environments (Section 14.61 . 



4.2 Star-forming galaxies in dense environments 

If galaxies at the present day are evolving as they move 
from low-density regions to high-density regions, we should 
see a signature of this transformation which depends on the 
relevant timescale. In particular, if all galaxies experience 
a gradual (^2 Gyr) decline in star fo rmation when they 
become bound t o groups or clusters jBalogh et al.l I2OOOI : 
iBekki et al]l2002D . we expect star-forming galaxies in dense 
regions to show systematically lower Wo(Hq). Fig. |1] shows 
that this is not the case, implying that such a gradual decline 
is not a common phenomenon at the present time. 

On the other hand, if the SFR declines rapidly to zero, 
this might not be reflected in Fig. |11 since galaxies will 
quickly move from the star-forming distribution to the qui- 
escent one with Wo{Ha)< 4A. Instead, we need to look at a 
longer-lived tracer of star formation (i.e. one which changes 
slowly after star formation ceases) to observe this effect. For 
example, the H(5 absorption line, which remains strong for 
~ 1 Gyr after star formation ceases, is a common diagnostic 
of recent activity. The extreme rarity (< 0.1 per cent) of 
bright galaxies with strong H5 but negligible star formation 
at low redshift provides evidence against the possibility that 
SFR has recently declined on a short timescale for a signif- 
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leant number of galaxies jZabludoff et ajFiggfil : iGoto et all 
l2003t) : however, this depends on an accurate quantification 
of the duration of the enhanced H5 phase, which is systemat- 
ically uncertain to within at least a factor of two. In particu- 
lar, if star formation is truncated in normal spirals, without 
a preceding burst, the H(5 line never gets very strong, an d is 
only enhanced for a short time (e.g. iBaloeh et al]|l999l) . 

In a similar way, we can use the accurate colours of the 
SDSS, which do not suffer from aperture bias, to trace the 
longer lived stellar population. In particular, we will consider 
the rest frame Petrosia n (q — r) colour , denot ed (g — r)o, and 
use the k-corrections of lBlanton et al.| ll2003al) . To isolate the 
population of galaxies with recent star formation, we select 
blue galaxies as those with {g — r)o < 0.7, which will include 
any galaxy that has formed stars wit h in the last ~ 300 Myr, 
using the latest iBruzual fc Charloli ll2003ll stellar popula- 
tion models*. Fig. |5| shows the Wo{Ha) distribution for all 
such blue galaxies, compared with that of blue galaxies in 
groups (a = 200-400 kms"^) and clusters (a > 600 kms"^). 
All three distributions are consistent with being drawn from 
the same parent population. If cluster galaxies had slowly 
declining SF Rs they w ould remain blue, but with reduced 
Wo{Ha) (e.g lShiova et al. 20021. contrary to our observa- 
tions. This reinforces our conclusions drawn from Fig. 01 
that star-forming galaxies in dense environments have nor- 
mal SFRs, and are not being inhibited by their environment 
at the present day. 

However, we are still not able to rule out the possi- 
bility that the environment has caused the SFR to decline 
rapidly in a substantial number of cluster galaxies, as we 
now demonstrate. There are 617 galaxies with Wo{Ha)< 4A 
in the a > 600kms~^ clusters. If the clusters have been 
constantly, and uniformly, truncating star formation in ac- 
tive galaxies over the last ~ 10 Gyr, we would only need 
to find ~ 20 blue galaxies with Wo{Ha)< 4A in clusters 
with a > 600kms~^ at the present day to account for 
these currently inactive galaxies. This number is not incon- 
sistent with Fig. I2I in fact there is perhaps evidence for such 
a population, though this may equally well be contamina- 
tion from the tail of the distinct, red galaxy population at 
{g — r)o > 0.7. By the same argument, our results are con- 
sistent with a model in which 20 per cent of the cluster 
members not presently forming stars had their star forma- 
tion truncated sometime within the last 2 Gyr. 

Thus, the {g — r)o colour is too sensitive to recent star 
formation for us to put strong constraints on the number of 
cluster galaxies which have had their star formation trun- 
cated in the last few Gigayears. Galaxy morphology may 
provide a better indicator, since an observable disk struc- 
ture should persist for z 1 Gyr after star formation ceases 
(e.e. iBekki et al.ll2002l) . Past analysis (Balogh et al. 1998; 
Hashimoto et al. 1998; Paper II; Paper I; Girardi et al. 
2003) has indeed suggested that morphology and SFR are 
partly independent. Further more, the existence in clusters 
of Hl-deficient spirals (e.g ISolanes et al.l |200J). red, spi- 
ral galaxies with little sta r-formation fe.g. IPoggianti et alJ 
I1999I : iBalogh et alJl2002a|) and spiral galaxie s with unusu- 
ally smooth structure jMcIntosh et alJ l2003l) all argue for 
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Figure 9. The Wo{Ha) distribution for blue galaxies {{g — r)o < 
0.7) in the SDSS volume-limited sample. The solid line shows the 
distribution for galaxies in groups (left panel) and clusters (right 
panel), while the dotted histogram shows the distribution for all 
blue galaxies in the SDSS sample, renormalised to include the 
same area as the solid lines. 



some sort of transformation of spiral galaxies to be taking 
place in clusters. However, many of these results are based on 
a fairly coarse morphological binning; therefore, we reserve 
drawing firm conclusions until reliable, automated morpho- 
logical measurements are available for the present samples 
fe.g. J Liske et al...200a: .Kellv fc McKav..2003; .Blanton et all 
l2003bE 



4.3 Isolated galaxies 

Although the fraction of emission-line galaxies continually 
increases with decreasing density, it never gets much larger 
than ~ 70 per cent, even in the lowest density environments 
studied here. In these empty regions of the Universe, envi- 
ronment is not likely to have played a large role in galaxy 
evolution; therefore many galaxies must have ceased their 
star-formation activity for reasons independent of their sur- 
roundings (but see below). In Fig. 1101 we show the Wo{Ha) 
distribution for galaxies in the lowest-density environments, 
with pi.i < 0.01 Mpc"^ and ps.s < 0.005 Mpc"^, and unas- 
sociated with any catalogued group or cluster. We combine 
all galaxies from both the 2dFGRS and SDSS samples, and 
consider only those galaxies which lie at least 11 Mpc from 
a survey boundary. Even in these extremely sparse regions 
of space, only ~ 70 per cent of galaxies are forming a sig- 
nificant number of stars, with Wo{Ha)> 4A, and this frac- 
tion is similar for both faint and bright galaxies^ (shown 
separately in Fig. IIUI . A possible interpretation is that the 
~ 30 per cent of bright, isolated galaxies with no sign of 



* Based on a model with a Salpeter initial mass function, and a 
SFR which declines exponentially (t = 4 Gyr) for 10 Gyr. 



^ Note that only the brightest isolated galaxies are sure to have 
no companions of comparable brightness, since fainter galaxies 
could have neighbours that are just below our luminosity limit. 
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Figure 10. The Wo{Hoi) distribution for all SDSS and 2dFGRS 
galaxies in low density environments (pi.i < 0.01 Mpc""^ and 
P5.5 < 0.005 Mpc~^, unassociated with a group or cluster). The 
shaded histogram shows the distribution for bright (> L*) galax- 
ies, and the solid line represents the fainter population. 

star formation are foss il groups onman & Bcrtr amlll993t 
i Mulchaev fc Zabludofjll99fll : Isinith et al. .2003^ Jones et alJ 
l2003f) . Although we await morphological confirmation, we 
note that these galaxies do have the colours typical of ellipti- 
cal galaxies, (<?— r)o ~ 0.75±0.05. In this case, their isolation 
may be a misleading representation of environment; in fact, 
they may represent the most dense environments, where all 
bright, surrounding galaxies have merged into one. 

4.4 Dependence on large-scale structure 

We showed in § 13.21 that, although the galaxy population 
depends strongly on its local environment, it may also be 
sensitive to the density on ^ 5 Mpc scales, especially at low 
densities. That is, fewer galaxies in supercluster-like envi- 
ronments have significant Ha emission, relative to galaxies 
in environments with similar local densities. We currently 
treat this conclusion as tentative, because a similar trend 
could be caused by uncertainties in the correlated densities 
pi.i and P5.5; however, comparison with mock catalogues 
strongly suggest this is not the case (Balogh et al., in prep). 
A similar dependence on large-scale structure has previously 
been ob served in the morpho logies of galaxies in clusters at 
2 ~ 0.2 iBaloeh et al.ll2002cl) . Using high resolution Hubble 
Space Telescope imaging to decompose the disk and bulge 
components of cluster members, ^alogh ot al. (2002^ found 
evidence that the bulges of galaxies at a fixed local density 
are systematically brighter in massive clusters (as traced 
by their X-ray emission) than in low mass clusters. On the 
other hand, the disk luminosity function does not show this 
dependence. It was suggested that bulge components grow 
preferentially within large-scale overdensities, perhaps due 
to richer merger histories, but that the disk properties are 
not sensitive to this structure. 



However, our results show that the galaxy popula- 
tion depends more strongly on the large-scale density than 
on the mass of the embedding halo, as evidenced by the 
lack of correlation with cluster velocity dispersion, at a 
fixed E5 (Fig. |KJ. This, together with the results of Sec- 
tion suggests that galaxy properties are only indirectly 
related to their environment at the present day. For exam- 
ple, the early-type population that dominates clusters to- 
day likely arises from the fact that galaxies in dense regions 
form earlier, and experience more galaxy-galaxy interactions 
through out their longer lifetime, than galaxies in underdense 
regions ("Zabludoff fc MulchaevI llQQSt lBlanton et alJ Il999l : 
pBalland ct al. 2003). Another possibility is that galaxy evo- 
lution is strongly affected by tidal forces, which arise from 
structure on all scales (e.g. lGnedinll2003al: iMoss fc Whittld 
I2OOOI) . 

4.5 Implications for the global SFR evolution 

It has been proposed that changes in the typical en- 
vironment, due to the hierarchica l growth of structure , 
drive the evolution in global SFR llBalogh fc Bowed l20o3 : 
iBower fc Baloghll2003) . This hypothesis maintains that the 
correlation between SFR and local density remains un- 
changed, but galaxies at higher redshift typically lie in lower 
density environments. However, this interpretation is incon- 
sistent with the present data, as we demonstrate here. The 
fraction of star-forming galaxies {Wo{Hcy)> 4A) is ~ 0.4 in 
the SDSS and ~ 0.57 in the 2dFGRS. This is close to the 
maximum fraction achieved in any environment a.t z = Q 
(e.g. Figs. |K| and |S| also Section 14.31 . On the other hand, 
the average SFR at z ~ 0.4 is expected to be about 75% 
higher than at the present day. This can be inferred from 
the increas e in the ultraviolet l uminosity density of the Uni- 
verse (e.g., IWilson et al1l2002h : a similar result is obtained 
by comparing the average [On] equivalent width at z ~ 0.3 
from the CNOC surveys with that at 2: = (Paper II). To 
achieve such a dramatic increase in the mean SFR, either 
the fraction of star-forming galaxies at ~ 0.4 is much higher 
than anywhere at the present day, or the typical s tar-forming 
galaxy has a higher SFR. It is interesting that iTreu et alJ 
12003) find the fraction of morphologically-classified early- 
type galaxies in low-density regions has not evolved substan- 
tially between z — 0.4 and 2 = 0, suggesting that evolution 
is of the latter type. Either way, the galaxy population at 
z = OA must be different from that in any environment at 

2 = 0. 

A direct test of evolution in the SFR-density correlation 
is not yet possible, as intermediate- and high-redshift clus- 
ter dat a do not generally extend far enough from the cluster 
centre llBalogh et al.lll997l : ICouch et alj|200ll : iBaloeh et all 
l2002allbl) . I Kodam^e^n l l20MF ~howe ver . have analysed 
multicolour Subaru data which shows that the red sequence 
in the z ~ 0.4 cluster C10939 first becomes apparent in re- 
gions where the lo cal projected density exceeds 30 Mpc~^ 
(see the Erratum of lKodama et al.l2003l) . Their photometric 
observations are much deeper than ours, and are complete 
to ~ O.OQLy. Correcting for this difference, their measure- 
ment of the critical density corresponds to E5 ~ 4±2 Mpc~^ 
in our units. This is similar to the result found in Paper I 
and Paper II, and seen in Fig. |21 which suggests that any 
evolution in the SFR-density relation has been small. How- 
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ever, any serious interpretation of this comparison should 
wait until comparable, spectroscopic measurements can be 
made of the galaxy population composition as a continuous 
function of density. 

4.6 The physics of galaxy evolution 

Based on the results presented here, it seems unlikely that 
a substantial fraction of the star-forming galaxy population 
is today undergoing a physical transformation induced by 
its environment. Instead, the observed trends with density 
at 2 ~ are probably only related indirectly to their envi- 
ronment, and the physics which determines the final com- 
position of galaxy groups and clusters probably took place 
at a much earlie r time. S i milar conclusions were reached 
by [Zabludoff & Mulchaevl ilQQSl) . based on the high frac- 
tions of early-type galaxies in nearby, X-ray groups. Ob- 
servations of the local Universe alone can only put weak 
constraints on what the relevant physics might be, except 
to say that it is unlikely to be d ominated by ram-prossure 
stripping (e.g. iGunn fc GottllT97 2: Quilis ct al. 2000). This 
mechanism has the distinct advantage that there is good 
observational evidence for such activity (e.g. VeiUeju^^^ 
19991: IVollmer et alll2000l: iGavazzi et all 120021: Ivan Gorkorr 



2003); however, it seems unlikely that it could play any role 
in the lowest-density environments. 

Similarly, it may be difficult to interpret our results in 
the context of models in which SFR declines sl owly in galax- 
ies that are accreted into groups and cluste rs llBaloeh et alJ 
l2000l:lDiaferio et all200ll:lBekki et aJ 200^. for reasons dis- 
cussed in Section 14.21 In particular, galaxy groups are ex- 
pected to represent the first level of the hierarchy in which 



fluence star formation (e.{ 


r. iDiaferio et alJl200ll: 


Cole et alJ 


2OOOI: iBlanton et al.lll998l: 


iHernauist & SorineeJ 


200.-^1. vet 



blue galaxies within such groups appear to have a normal 
Wo{Ha) distribution, suggesting normal, recent star forma- 
tion histories. However, the predictions of hierarchical mod- 
els are not straightforward, because local density, halo mass, 
and formation time are all correlated in a no n-trivial way. It 



is pos sible that including the effects of infall 1 EUin gson et alJ 



ingso 



2Q0J, in addi- 



l2001f) and projection effects jPiaferio et al] : 

tion to a slow-decay model (iBalogh et al.ll200(i) conspire to 
keep the shape of the Wo{Ha) distribution constant. We 



will therefore leave a detailed comparison with theory for a 
subsequent paper (Balogh et al., in prep). 

A more viable explanation is perhaps suggested by 
observations of close galaxy pairs, which are the only 
environmentally-selected population to show enhance- 
ment s of star formation (iBarton et ahllioOOl : iLambas et alJ 
|20o3). These bursts likely lead to the rapid consump- 
tion of cold gas, and the eventual formation of gas- 
poor elliptical galaxies with little star formation (e.g . 
Pomnan_& Bertram 1923,; Mulchaov & Zabludoflj 1 19991 : 



1^ 

i 



Smith et al.l 12003). Such galaxy-galaxy interactions must 
typically occur long before a galaxy is bound to a viri- 
alised group or cluster, si nce the SFRs in those env i- 
ronments are so low (e.g. IZabludoff fc Mulchaevl Il99dl . 
In fact, there is evidence for interaction-induced star 
formation in the unvirialised regions of c lusters (e.g. 
ICaldwell fc Rosd Il997l: IMoss fc Whittle l200d) . and for a 
correlation between morphological distortions and environ- 



ment jHashimoto fc Oemleil bood) . The observed correla- 
tion with local density then arises because galaxies in 
dense regions have typically had more interactions, over 
a longer peri od of time, tha n those in low-density re- 
gions (e.g. .Ballaiid et alJl2003l: ICnedin 200 3a b). Since the 
interaction rate may increase substanti ally with redshift 
jPatton et al ] |2002l : IConsehce et"ai]|2003ll , we would expect 
most of the environmentally-induced galaxy transformation 
to have taken place at higher redshift; this would be con- 
sistent with the strong evolution observed in the fraction of 
post-starburst galax;ies jPoggianti et alJl2003ll . 

We might therefore be surprised that the correlation be- 
tween emission-line fraction and local density is so similar 
in the groups in the present study, relative to other environ- 
ments, since the low velocity dispersions an d high densities 
in groups should encourage intera ctions (e.g. lAarseth fc FalJ 
I198OI: lBarne3ll985l: iMerrittHigSST) . Our groups are very het- 
erogeneous, and not all are necessarily bound systems. It is 
possible that interactions are important in specific types of 
group, such as compact groups. We will leave such investi- 
gations for future work. 

Finally, we note that there is no observed correla- 
tion between th e fraction of AGN and environment at 
the present day jMiller et al.ll2003D . This is puzzling, es- 
pecially in the context of models where star formation 
and AG N activity are both linked to the availability of 
cold g as (Kauffman n fc Haehn elt"2000l: iGranato et al.lEoo3 : 
iDi Matteo et al...2003) . It appears that star formation ac- 
tivity must stop (or become undetectable) when there is 
still some cold gas left. One possibility is that the gas 
density drops below a certain threshold necessary for star 
formation (e.g. Konnicutt 1989; Martin fc Kcnnicutt 2001]; 
IWong fc Blitz., 2002: Boissier et al.,200a : .Gnedin>,2003a'l . but 
can still flow to the centre and fuel an AGN. 



5 CONCLUSIONS 

We have made a joint analysis of 24968 galaxies selected 
from the SDSS and 2dFGRS. The distribution of Wo{Ha) 
among these galaxies is bimodal, consisting of an active pop- 
ulation of galaxies with Wo{Ha)> 4 A, and a quiescent pop- 
ulation with no significant star formation at the present day. 
We have investigated how this distribution depends on en- 
vironment, as characterised by: 

• The projected surface number density of galaxies E5, 
determined from the distance to the fifth-nearest neighbour. 

• The three-dimensional number density of galaxies mea- 
sured on 1.1 Mpc and 5.5 Mpc scales, pi,\ and P5.5. 

• The velocity dispersion of the embed ding structure, as 
determined from the group catalogues of lEke et all ||2003D 
and Nichol, Miller et al. (in preparation). 

We use these different measures of environment to establish 
the scales and structures on which the present-day galaxy 
population depends. Our findings are summarised as follows: 

1. The distribution of Ha line strength for the star- 
forming population, selected on Wo[Ha) or [g — r) colour, 
does not itself depend strongly on environment. Thus, it is 
unlikely that SFRs are gradually decreasing in a substantial 
number of star-forming galaxies in or near dense environ- 
ments today. 
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2. The fraction of galaxies with Wo{Ha)> 4A decreases 
steadily with increasing local density. There is evidence that 
it decreases more strongly at densities exceeding E5 ~ 1 
Mpc~^, or pi.i ^ 0.05 Mpc~'^. The persistence of this corre- 
lation at low densities means that ram-pressure stripping, 
at any redshift, cannot be the only physical mechanism at 
work. 

3. The fraction of galaxies brighter than M* + 1 with 
Wo{Ha)> 4A is never more than ~ 70 per cent, even in 
the least dense environments explored here. We have shown 
that this means the recent decline in globally-averaged star 
formation rate cannot be wholly due to the growth of large 
scale structure. 

4. The emission-line fraction of a galaxy population ap- 
pears to depend both on the local environment (on ^ 1 
Mpc scales) and on the large-scale structure as parame- 
terised by the density ~ 5.5 Mpc scales. There is little fur- 
ther dependence on the velocity dispersion of the group or 
cluster in which the galaxy is embedded. This result sug- 
gests that the composition of the galaxy population today 
is li kely related indirectly to its prese nt environment (see 
also IZabludoff fc MulchaevllToQl I2OOOH . 

The most likely physical explanations for the correlation 
between Wo{Ha) distribution and environment at 2; = are 
those which are effective over a large range of environment, 
affect the SFR on short (< 1 Gyr) timescales, and were 
much more ef fective in the past. A s suggested by previous 
authors (e.g. Zabludoff ct al. 1996; Mulchacv fc Zablu dofj 
Il998l: iHashimo to ct al. 199§.; Hashimoto k Oemler 200*^ 
one good candidate is starbursts induced by galaxy interac- 
tions, since close pairs of galaxies are the only environment 
known to directly provoke a physical transformation. Such 
interactions will likely be more common at high redshift, 
and will have had more time to influence galaxies that end 
up in high density environments. 



ACKNOWLEDGEMENTS 

We gratefully acknowledge the efforts of all persons whose 
contributions led to the success of the 2dFGRS and SDSS, 
which in turn have made this work possible. In addi- 
tion, MLB acknowledges helpful discussions with Ann 
Zabludoff, Tadayuki Kodama, Masayuki Tanaka and Diego 
Lambas; also, he thanks Carolyn M'^Coey for a careful 
reading of the manuscript which substantially improved 
its clarity. MLB and RGB acknowledge financial support 
from PPARC fellowships, numbered PPA/P/S/2001/00298 
and PPA/Y/S/2001/00407, respectively. WJC acknowL 
edges the financial support of the Australian Research Coun- 
cil throughout the course of this work. 



REFERENCES 

Aarseth, S. J. & Fall, S. M. 1980, ApJ, 236, 43 
Abazajian, K. et al. 2003, AJ, 126, 2081 
Afonso, J., Hopkins, A., Mobasher, B., & Almeida, C. 2003, 
ApJ, 597, 269 

AUington-Smith, J. R., Ellis, R., Zirbel, E. L., & Oemler, 
A. J. 1993, ApJ, 404, 521 



Baldry, L K., Glazebrook, K., Brinkmann, J., Ivezic, Z., 
Lupton, R. H., Nichol, R. C, & Szalay, A. S. 2003, 
ApJ, 600, in press,astroph/0309710 

Balland, C, Devriendt, J. E. G., & Silk, J. 2003, MNRAS, 
343, 107 

Balogh, M., Bower, R. G., et al. 2002a, MNRAS, 337, 256 
Balogh, M. L. & Bower, R. G. 2003, in Revista Mexicana 

de Astronomia y Astrofisica Conference Series, 220-221 
Balogh, M. L., Couch, W. J., Small, L, Bower, R. G., & 

Glazebrook, K. 2002b, MNRAS, 335, 10 
Balogh, M. L., Morris, S. L., Yee, H. K. C, Carlberg, R. G., 

& Ellingson, E. 1997, ApJL, 488, 75 
Balogh, M. L., Morris, S. L., Yee, H. K. C, Carlberg, R. G., 

& Ellingson, E. 1999, ApJ, 527, 54 
Balogh, M. L., Navarro, J. F., & Morris, S. L. 2000, ApJ, 

540, 113 

Balogh, M. L., Schade, D., Morris, S. L., Yee, H. K. C, 
Carlberg, R. G., & Ellingson, E. 1998, ApJL, 504, L75 

Balogh, M. L., Small, L, Bower, R. G., et al. 2002c, ApJ, 
566, 123 

Barnes, J. 1985, MNRAS, 215, 517 

Barton, E. J., Geller, M. J., & Kenyon, S. J. 2000, ApJ, 
530, 660 

Baugh, C. M., Benson, A. J., Cole, S., Frenk, C. S., & 
Lacey, C. G. 1999, MNRAS, 305, L21 

Beers, T. C, Flynn, K., & Gebhardt, K. 1990, AJ, 100, 32 

Bekki, K., Couch, W. J., & Shioya, Y. 2002, ApJ, 577, 651 

Benson, A. J., Hoyle, F., Torres, F., & Vogeley, M. S. 2003, 
MNRAS, 340, 160 

Blanton, M., Gen, R., Ostriker, J. P., & Strauss, M. A. 
1999, ApJ, 522, 590 

Blanton, M. R., Hogg, D. W., et al. 2003a, ApJ, 592, 819 

Blanton, M. R. et al. 2003b, ApJ, 594, 186 

Boissier, S., Prantzos, N., Boselli, A., & Gavazzi, G. 2003, 
MNRAS, 346, 1215 

Bower, R. G. & Balogh, M. L. 2003, in Carnegie Obser- 
vatories Astrophysics Series, Vol. 3, Clusters of Galax- 
ies: Probes of Cosmological Structure and Galaxy Evo- 
lution, ed. A. D. J.S. Mulchaey & A. Omeler, astro- 
ph/0306342 

Bruzual, G. & Chariot, S. 2003, MNRAS, 344, 1000 

Caldwell, N. & Rose, J. A. 1997, AJ, 113, 492 

Carlberg, R. G., Yee, H. K. C., Morris, S. L., et al. 2001, 

ApJ, 563, 736 
Chariot, S. . & Longhetti, M. 2001, MNRAS, 323, 887 
Cole, S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000, 

MNRAS, 319, 168 
CoUess, M. et al. 2001, MNRAS, 328, 1039 
— . 2003, astro-ph/0306581 

Conselice, C. J., Bershady, M. A., Dickinson, M., & Pa- 
povich, C. 2003, AJ, 126, 1183 

Couch, W. J., Balogh, M. L., Bower, R. G., Small, L, Glaze- 
brook, K., & Taylor, M. 2001, ApJ, 549, 820 

Cowie, L. L., Songaila, A., & Barger, A. J. 1999, AJ, 118, 
603 

Coziol, R., lovino. A., & de Carvalho, R. R. 2000, AJ, 120, 
47 

de la Rosa, L G., de Carvalho, R. R., & Zepf, S. E. 2001, 
AJ, 122, 93 

Di Matteo, T., Croft, R. A. C, Springel, V., & Hernquist, 

L. 2003, ApJ, 593, 56 
Diaferio, A., Kauffmann, G., Balogh, M. L., White, 



© 0000 RAS, MNRAS 000, 000-000 



Galaxy ecology in SDSS and 2dFGRS 15 



S. D. M., Schade, D., & Ellingson, E. 2001, MNRAS, 
323, 999 

Domi'nguez, M., Muriel, H., & Lambas, D. G. 2001, AJ, 

121, 1266 

Dommguoz, M. J., Zandivarez, A. A., Martinez, H. J., 
Mcrchan, M. E., Muriel, H., & Lambas, D. G. 2002, 
MNRAS, 335, 825 

Dressier, A. 1980, ApJ, 236, 351 

Eke, V. R., Baugh, C, Cole, S., Frcnk, C. S., Norberg, R, 
Peacock, J. A., at al. 2003, MNRAS, in press 

Ellingson, E., Lin, H., Yee, H. K. C., & Carlberg, R. G. 
2001, ApJ, 547, 609 

Fukugita, M., Shimasaku, K., & Ichikawa, T. 1995, PASP, 
107, 945 

Gavazzi, G., BosoUi, A., Pedotti, P., Gallazzi, A., & Car- 

rasco, L. 2002, A&A, 396, 449 
Geller, M. J. & Huchra, J. P. 1983, ApJS, 52, 61 
Girardi, M., Giuricin, G., Mardirossian, F., Mezzetti, M., 

& Boschin, W. 1998, ApJ, 505, 74 
Girardi, M., Manzato, P., Mezzetti, M., Giuricin, G., & 

Limboz, F. . 2002, ApJ, 569, 720 
Girardi, M., Rigoni, E., Mardirossian, F., & Mezzetti, M. 

2003, A&A, 406, 403 
Gladdors, M. D. & Yee, H. K. C. 2000, AJ, 120, 2148 
Gnedin, O. Y. 2003a, ApJ, 589, 752 
— . 2003b, ApJ, 582, 141 

Gomez, P. L., Nichol, R. C., Miller, C. J., Balogh, M. L., 

et al. 2003, ApJ, 584, 210 
Goto, T., Nichol, R. C., ct al. 2003, PASJ, 55, 771 
Granato, G. L., De Zotti, G., Silva, L., Bressan, A., & 

Danese, L. 2003, ApJ, in press, astro-ph/0307202 
Gray, A. & Moore, A. W. 2003a, in Proceedings of the 

Third SIAM International Conference on Data Mining, 

San Francisco, CA, USA, May 1-3, 2003, ed. D. Barbara 

& C. Kamath (SIAM) 
Gray, A. & Moore, A. W. 2003b, in Proceedings of the 

ASA Joint Statistical Meeting, Statistical Computing 

Section [CD-ROM], San Francisco, CA (ASA) 
Gunn, J. E. & Gott, J. R. 1972, ApJ, 176, 1 
Hashimoto, Y., Oemler, A., Lin, H., & Tucker, D. L. 1998, 

ApJ, 499, 589 
Hashimoto, Y. & Oemler, A. J. 1999, ApJ, 510, 609 
— . 2000, ApJ, 530, 652 

Hernquist, L. & Springel, V. 2003, MNRAS, 341, 1253 
Hickson, P. 1982, ApJ, 255, 382 

Hopkins, A. M., Connolly, A. J., Haarsma, D. B., & Cram, 

L. E. 2001, AJ, 122, 288 
Hopkins, A. M., Miller, C. J., Nichol, R. C, et al. 2003, 

ApJ, in press, astro-ph/0306621 
Iglesias-Paramo, J. & Vflchez, J. M. 1999, ApJ, 518, 94 
Jones, L. R., Ponnian, T. J., Horton, A., Babul, A., Ebel- 

ing, H., & Burke, D. J. 2003, MNRAS, 343, 627 
Kauffmann, G. & Haehnelt, M. 2000, MNRAS, 311, 576 
Kauffmann, G., Heckman, T. M., White, S. D. M., et al. 

2003, MNRAS, 341, 54 
Kelly, B. C. & McKay, T. A. 2003, AJ, in press, astro- 

ph/0307395 

Kelm, B. & Focardi, P. 2003, A&A, submitted, astro- 

ph/0306414 
Kennicutt, R. C. 1983, ApJ, 272, 54 
Kennicutt, R. C. 1989, ApJ, 337, 761 
Kennicutt, R. C. 1998, ARA&A, 36, 189 



Kodama, T., Small, I., Nakata, F., Okamura, S., & Bower, 

R. G. 2001, ApJL, 562, L9 
— . 2003, ApJL, 591, L169 

Lambas, D. G., Tissera, P. B., Alonso, M. S., & Coldwell, 

G. 2003, MNRAS, 346, 1189 
Lewis, I., Balogh, M., Do Propris, R., Couch, W., Bower, 

R., et al. 2002a, MNRAS, 334, 673 
Lewis, I. J. et al. 2002b, MNRAS, 333, 279 
Lilly, S. J., Le Fcvre, O., Hammer, F., & Crampton, D. 

1996, ApJL, 460, LI 
Liske, J., Lemon, D. J., Driver, S. P., Cross, N. J. G., & 

Couch, W. J. 2003, MNRAS, 344, 307 
Madau, P., Ferguson, H. C., Dickinson, M. E., Giavalisco, 

M., Steidel, C. C., & Fruchter, A. 1996, MNRAS, 283, 

1388 

Martin, C. L. & Kennicutt, R. C. 2001, ApJ, 555, 301 

Martinez, H. J., Zandivarez, A., Dommguez, M., Merchan, 
M. E., & Lambas, D. G. 2002, MNRAS, 333, L31 

Mateus, A. J. & Sodre, L. J. 2003, MNRAS, submitted, 
astro-ph/0307349 

Mcintosh, D., Rix, H.-W., & Caldwell, N. 2003, ApJ, sub- 
mitted, astro-ph/0212427 

Merchan, M. & Zandivarez, A. 2002, MNRAS, 335, 216 

Merritt, D. 1985, ApJ, 289, 18 

Miller, C. J., Genovese, C, Nichol, R. C, Wasserman, L., 
Connolly, A., Reichart, D., Hopkins, A., Schneider, J., 
& Moore, A. 2001, AJ, 122, 3492 

Miller, C. J., Nichol, R. C, Gomez, P. L., Hopkins, A. M., 
& Bernardi, M. 2003, ApJ, 597, 142 

Moss, C. & Whittle, M. 1993, ApJL, 407, L17 

— . 2000, MNRAS, 317, 667 

Mulchaey, J. S. & Zabludoff, A. I. 1998, ApJ, 496, 73 

— . 1999, ApJ, 514, 133 

Nishiura, S., Shimada, M., Ohyama, Y., Murayama, T., & 

Taniguchi, Y. 2000, AJ, 120, 1691 
Norberg, P. et al. 2002, MNRAS, 336, 907 
O'Hely, E. 2000, PhD thesis. University of New South 

Wales 

Patton, D. R., Pritchet, C. J., Carlberg, R. G., et al. 2002, 
ApJ, 565, 208 

Pimbblet, K. A., Small, I., Kodama, T., Couch, W. J., 
Edge, A. C, Zabludoff, A. I., & O'Hely, E. 2002, MN- 
RAS, 331, 333 

Poggianti, B. M., Bridges, T. J., Komiyama, Y., Yagi, M., 

Carter, D., Mobashcr, B., Okamura, S., & Kashikawa, 
N. 2003, ApJ, in press, astro-ph/0309449 
Poggianti, B. M., Small, I., Dressier, A., Couch, W. J., 
Barger, A. J., Butcher, H., Ellis, R. S., & Oemler, A. J. 

1999, ApJ, 518, 576 

Ponman, T. J. & Bertram, D. 1993, Nature, 363, 51 
Postman, M. & Geller, M. J. 1984, ApJ, 281, 95 
Quilis, v., Moore, B., & Bower, R. 2000, Science, 288, 1617 
Rocha-Pinto, H. J., Scalo, J., Maciel, W. J., & Flynn, C. 

2000, A&A, 358, 869 

Rubin, V. C, Hunter, D. A., & Ford, W. K. J. 1991, ApJS, 
76, 153 

Shioya, Y., Bekki, K., Couch, W. J., & De Propris, R. 2002, 
ApJ, 565, 223 

Silverman, B. W. 1986, Density estimation for statistics 
and data analysis (Chapman-Hall: New York), 61-66 

Smith, B. J., Nowak, M., Donahue, M., & Stocke, J. 2003, 
AJ, 126, 1763 



© 0000 RAS, MNRAS 000, 000-000 



16 Balogh et al. 



Solanes, J., Manrique, A., Garcia- Gomez, C., Gonzalez- 
Casado, G., Giovanelli, R., & Haynes, M. P. 2001, ApJ, 
548, 97 

Strateva, I. et al. 2001, AJ, 122, 1861 

Strauss, M. A. et al. 2002, AJ, 124, 1810 

Tran, K. H., Simard, L., Zabludoff, A. I., & Mulchaey, J. S. 

2001, ApJ, 549, 172 

Treu, T., Ellis, R. S., Kneib, J., Dressier, A., Small, I., 
Czoske, O., Oemler, A., & Natarajan, P. 2003, ApJ, 
591, 53 

van Gorkom, J. H. 2003, in Carnegie Observatories As- 
trophysics Series, Vol. 3, Clusters of Galaxies: Probes 
of Cosmological Structure and Galaxy Evolution, 
ed. A. D. J.S. Mulchaey & A. Omeler, Vol. astro- 
ph/0308209 

Veilleux, S., Bland-Hawthorn, J., Cecil, G., TuUy, R. B., & 

Miller, S. T. 1999, ApJ, 520, 111 
Verdes-Montenegro, L., Yun, M. S., Williams, B. A., Hucht- 

meier, W. K., Del Olmo, A., & Perea, J. 2001, A&A, 

377, 812 

Vollmer, B., Marcelin, M., Amram, P., Balkowski, C, Cay- 
atte, v., & Garrido, O. 2000, A&A, 364, 532 

Wainer, H. & Thissen, D. 1976, Psychometrika, 41, 9 

Wasserman, L., Miller, C, Nichol, R. C, Genovese, C, 
Woncheol, J., Connolly, A., Moore, A., Schneider, J., 
et al. 2001, astro-ph/0112050 

Wilson, G., Cowie, L. L., Barger, A. J., & Burke, D. J. 

2002, AJ, 124, 1258 

Wong, T. & Blitz, L. 2002, ApJ, 569, 157 

York, D. G. et al. 2000, AJ, 120, 1579 

Zabludoff, A. I. & Mulchaey, J. S. 1998, ApJ, 496, 39 

— . 2000, ApJ, 539, 136 

Zabludoff, A. I., Zaritsky, D., Lin, H., Tucker, D., 
Hashimoto, Y., Shectman, S. A., Oemler, A., & Kir- 
shner, R. P. 1996, ApJ, 466, 104 





l_ ■ ■ _ 




0.1 1 10 400 600 800 

Sg (Mpc-=^) a(km/s) 



Figure Al. The Petrosian radius is shown as a function of local, 
projected density S5 (left panel) and of group velocity dispersion 
(right ■panel), for galaxies in the SDSS sample. The dashed lines 
show the median and 75th percentile of the distribution, in run- 
ning bins each containing 500 galaxies; the solid line represents 
the mean. 

distribution of star formation in a galaxy depends only on its 
SFR, and not its environment. For example, if star forma- 
tion in cluster galaxies is more conce ntrated than for galax- 
ies ill the field with similar SFRs (e.g. lMoss fc Whittl(ll993l. 
| 2Q0C| ) ■ the aperture corrections for cluster galaxies should be 
smaller. 



APPENDIX A: APERTURE EFFECTS 

Since the spectra are obtained from 2" (2dFGRS) or 3" 
(SDSS) fibres, they do not represent the light from the whole 
galaxy. In particular, our measurements of Ha fiux will un- 
derestimate the flux from the galaxy as a whole; we refer 
to this as the aperture bias. Aperture bias will not impact 
on our results if the average galaxy size does not correlate 
strongly with environment. We test this in Fig. lAll where 
we plot the SDSS galaxy Petrosian radius a s a function of 
S5 an d of group velocity dispersion. Note that lHopkins et all 
i2003h find the amount of emission line flux lost due to aper- 
ture bias in the SDSS is a factor ~ 2 for galaxies with radius 
~ 3", increasing to a factor ~ 10 for galaxies with radius 
> 12". However, there is no significant trend of galaxy size 
with environment. Therefore, although the absolute values 
of the Wo{Ha) may be affected'' by aperture bias, the rel- 
ative trends as a function of environment are secure. This 
conclusion requires the further assumption that the spatial 

^ Note that Wo{Ha) is not necessarily underestimated, as it is 
a relative quantity. The effect of aperture bias depends on the 
spatial distribution of star formation; if it is uniform, Wo{Ha) is 
not affected by this bias. 



APPENDIX B: DETAILED COMPARISON OF 
THE CATALOGUES 

Here we compare the 2dFGRS and SDSS samples in detail. 
The most important difference between them for our pur- 
poses is that the 2dFGRS is selected from bj photometric 
magnitudes, while the SDSS is selected from digital r pho- 
tometry. The SDSS survey is somewhat shallower, and our 
volume- l imited sample is compl ete to Mr = —20.6. From the 
tables of iFukugita et aP lll995li . an Sab galaxy at z = 0.06 
has a colour (foj — r)=1.13, so we adopt a magnitude limit of 
Mi, = —19.5 for the 2dFGRS sample; the survey is actually 
complete to 0.5 magnitudes fainter than this. 

In the area of sky covering approximately 155< a <220 
and -3 < S < 1.5 degrees, the 2dFGRS and SDSS surveys 
overlap. We can use this overlap region to directly compare 
the galaxy and group catalogues. In our volume-limited sub- 
sample, we find 1029 galaxies in common between the two 
surveys (within 2" and 100 km s"^ of one another). The dis- 
tribution of the difference between the absolute 2dFGRS bj 
magnitude and the absolute SDSS r magnitude are shown 
m Fig. ini] The average colour is Mb-, — Mr ~ 0.95, simi- 
lar to the colour we expected (see above). Thus we can be 
confident that our magnitude limits are matched as closely 
as possible. However, the la standard deviation in colour is 
~ 0.35; thus there will be large numbers of galaxies at the 
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Figure Bl. The distribution of the differences between the abso- 
lute magnitudes of 1460 galaxies in our sample that are identified 
in both SDSS and 2dFGRS catalogues. 



faint limit of one catalogue that will not be included in the 
other. 

The consequences of this are shown in Fig. IB2I where 
we compare the distributions of Wo{Ha) in the two samples. 
Recall that an absorption correction of lA has been applied 
to all measurements (see Section |2J. The two distributions 
are very similar; however, there are relatively more galaxies 
with substantial Ha emission in the 2dFGRS sample. The 
mean equivalent width is 8.1A in the SDSS, and 11. 9A in the 
2dFGRS; a similar difference is seen in the 75th percentiles, 
which are also ~ 30% larger in the 2dFGRS sample. The 
larger errors on the 2dFGRS spectra also result in a larger 
population of galaxies with Wo{Ha)<Q A, at the expense of 
galaxies in the peak (with W(.){Ha)=Q A). 

The difference in Fig. IB2l is due entirely to the blue se- 
lection of the 2dFGRS. In Fig. IB3I we directly compare the 
Wo{Ha) for galaxies in common between the two surveys. 
Most (67%) of the measurements are within 2A of one an- 
other. In the mean, the SDSS measurement of Wo[Ha) is 
0.6A larger than that of the 2dFGRS. This difference is too 
small (and in the wrong sense) to account for the difference 
in Fig. IB2I We also show the comparison for galaxies at 
z < 0.075 and z > 0.085; there is no discernible difference 
between them. Since the 2dFGRS and SDSS use different 
size fibres, this gives added confidence that aperture effects 
do not have a large influence on our results. 

We can also make a direct comparison between the 
group catalogues. In Fie. lB4l we show the positions of groups 
in both surveys, within a 10° x 7° region. In both cases 
we show all groups within 0.05 < z < 0.095 and with 
a > 200kms~^ and at least ten members above our lu- 
minosity limit. For the SDSS we show all the groups sat- 
isfying these criteria; however, in this paper we have only 
used those with well-determined velocity dispersions, shown 
as the solid circles. Within the full overlap region there are 
29 such 2dFGRS groups, compared with 24 SDSS groups; 16 




W„(Ha) (A) 

Figure B2. The distribution of Ho equivalent width in the two 
samples. A 1 A correction for underlying stellar absorption has 
been made in both cases. The 2dFGRS distribution has been 
renormalised to match the number of galaxies in the SDSS, to 
facilitate the comparison. 
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Figure B3. The difference between Wo{Ha) measured in the 
2dFGRS and SDSS samples, for 1029 galaxies in common. Thirty- 
three galaxies lie outside the bounds of this diagram. The dotted 
and dashed lines show the same distribution, but restricted to 
galaxies at z < 0.075 and z > 0.085, respectively. 



of the latter have well-determined velocity dispersions. The 
radii of the circles represents the cluster virial radius, esti- 
mated from the velo city dispersion as Rvir = 3.5a{l + z)~^'^ 
jGirardi et alJll998ll . The correspondence between the two 
group catalogues is remarkably good. 
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Figure B4. Galaxies are shown in a 25 square degree region of 
space where the 2dFGRS and SDSS overlap. Galaxy groups in 
the 2dFGRS sample, with a > 200kms~^ and at least ten bright 
members, are shown as thin circles, with a radius correspond- 
ing to the virial radius (proportional to velocity dispersion). The 
thick circles arc SDSS groups; dashed circles have significant sub- 
structure and poorly-determined velocity dispersions. 



APPENDIX C: DENSITY ESTIMATORS 

In this Appendix, we consider two different density estima- 
tors in turn. The first is a projected surface density, based 
on counting the number of nearest neighbours. The second is 
a three-dimensional, fixed-scale estimator derived by kernel 
density estimation. 



CI Nearest- neighbour approach 

The most common method is to measure the distance to 
the N^^ nearest neighbou r, and measure the density within 
that distance. Dressler's (1198(1) original prescription called 
for taking the area to be a box enclosing the tenth nearest 
neighbour, before background subtraction. Others have em- 
ployed similar methods, but by using a spherical area and 
first subtracting foreground and background galaxies (e.g.. 
Papers I and II). This latter difference means that densities 
are typically measured in a larger volume, since the tenth 
nearest neighbour is further away after background subtrac- 
tion. In general, we will define djv as the distance to the 
A'^*''-nearest neighbour after background subtraction; then 
the projected density is given by Ejv = N/{-Kd%). 

Although this is a two-dimensional estimate, we wish to 
use the redshift information to remove the foreground and 
background. In some cases, this has been done by remov- 
ing galaxies more t han 3cr from the cluster (e.g. Paper I; 
iBalogh et a'Lll2002a^ . where cr is the cluster velocity disper- 
sion. However, this is only reliable if a is well known, and the 
velocity distribution is Gaussian. We will therefore choose a 
fixed velocity interval of ±1000 km s^^ within which to com- 
pute the local density. This allows us to include most of the 
galaxies in systems with large velocity dispersions, while still 



keeping contamin ation low. We ch oose A'^ = 5 to be similar 
to that defined bv lDresslerl il980h . who used A = 10 before 
background subtraction. 



Cl.l Projection effects 

Our density estimator E5 is a projected quantity, includ- 
ing all galaxies within ±1000 km s~^ of the target galaxy, or 
±14 Mpc for Ho = 70kms~^Mpc~\ We wiU use the 2dF- 
GRS as an example (an analogous calculation can be done 
for the SDSS) and estimate the contamination at a given 
measured density E5 by assuming background galaxies are 
distributed at the mean galaxy density. F rom the galaxy lu- 
minosity function of lNorberg et alJ l^2002^ , we calculate that 
the number of galaxies within a projected cylinder of radius 
d is 0.17ci^. If we take to be the distance to the fifth- 
nearest neighbour, then the fraction of projected galaxies 
within ds is given by /proj = 0.17/(7rE5). This varies from 
100 per cent at E5 — 0.054 Mpc~^ (which therefore repre- 
sents the field density) to 5 percent by E5 = 1 Mpc"'^. In en- 
vironments typical of the field, the fraction of emission-line 
galaxies is ~ 70 per cent (Fig.|^. Therefore, the true, unpro- 
jected emission-line fraction, /om, is related to the observed 
fraction fobs, by /em = (/obs ~ 0.7/proj)/(l - /proj). In Fig- 
ure lCll we show how the ratio /cm//obs depends on E5. The 
correction is small, ^ 5 per cent at all values of E5. We also 
show how this ratio changes if we assume the background 
is ten times more dense than the average, which might be 
the case in the vicinity of clusters and groups. However, in 
this case we should adopt a smaller intrinsic emission-line 
fraction, because the projected galaxies are themselves in a 
more dense environment; based on Figurel^we take this to 
be 60 per cent. Even in this case, the correction required to 
account for projection is < 25 per cent for E5 > 1 Mpc~'^. In 
reality, such a dense field projection is probably only reason- 
able at the highest E5, where the correction is ^ 15 per cent. 
We conclude that projection will only have a small effect on 
the trends observed in Fig. |3 and similar figures. 



C2 Fixed scale estimates: kernel density 
estimation 

In this section, we will consider density estimates within a 
fixed distance of a galaxy. We will use a Gaussian filtering 
kernel which has some weight in the wings, so that more 
weight is given to galaxies which are closer, while there is 
still sensitivity to more distant structures. A rigorous statis- 
tical analysis shows that the density estimate, for any data 
distribution, is sensitive mostly to the bandwidth 8 of the 
smoot hing kernel, and m uch less sensitive to the shape of the 
kernel (|SilvermarJll98(il ) . The strong bandwidth dependence 
is shown explicitly in Fig. lC2l where we plot the average den- 
sity as a function of 9. Four curves are shown, corresponding 
to the four quartiles of the density distribution evaluated at 
— 2 Mpc. In general, smaller bandwidths result in greater 
densities. Thus, what do we choose for the optimal band- 
width? In abstract terms, the problem is to find an estimate 
/ of the underlying density distribution function / which 
minimises the average value of the mean squared error: 

MSE{f, f) = (^j [f{x) ~ fix)] ' dx^ . (CI) 
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Figure CI. The ratio between tlie true fraction of emission line 
galaxies {WQ{Ha)> 4 A) and the observed fraction, which is con- 
taminated by projection along the line of sight, for the 2dFGRS. 
The solid line represents the case where the projected galaxies 
are at the average density of the Universe, while the dotted line 
is calculated assuming this density is ten times larger. 
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Figure C2. The dependence of three-dimensional density esti- 
mate on bandwidth, for the combined sample. Here, the band- 
width is the standard deviation of the kernel. The sample is di- 
vided into four based on the quartiles of the density at 9 = 2 
Mpc. Thus, the top curve shows the average density of the 25% 
of galaxies which have the greatest density at 9 = 2 Mpc, while 
the bottom curve corresponds to the 25% with the lowest density 
at that point. 
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Figure C3. The least-squares cross validation score (arbitrarily 
scaled), as a function of bandwidth, for the SDSS and 2dFGRS 
samples {solid and dotted lines, respectively). Both curves show a 
clear minimum near 1.1 Mpc. 



We want to use the data itself to find the optimal band- 
width, 6, which minimises this error. Since J f^{x)dx does 
not depend on 0, this corresponds to minimising the func- 
tion; 



Jie) 



f {x)dz 



f{x)f{x)dx. 



(C2) 



The method of least-squares cross-validation uses the data 
Xi to obtain an unbiased estimate of this function: 



j{e) 



e-n? 



(C3) 



where K{x) is the k ernel function, and K* = K[x) *K{x) — 
2K{x) iWasserman et al. 20011 . This function can be com- 
puted using the fast Fourier transform (|Silvermanll98fJ) . but 
this method is relatively slow, and can be inaccurate due to a 
number of necessary approximations. We have implemented 
a new, substantially improved algorithm based on adaptive 
computational geometry and a hierar chical finite-difference 
approximation iGrav fc Moorell2003al lbl) . 

We performed a cross-validation analysis of our volume- 
limited, combined sample. We use a Gaussian kernel for the 
cross-validation, but recall that the optimal value of 6 is in- 
sensitive to the exact kernel choice. Here, we are computing 
three-dimensional densities pe, assuming the redshifts indi- 
cate line-of-sight position in a A CDM model, and ignoring 
the effects of redshift distortions. Fig. IC3I shows the least- 
squares value as a function of bandwidth. We see that the 
optimal bandwidth is ~ 1.1 Mpc, which we will therefore 
use as our best estimate of the three-dimensional local den- 
sity. To measure the sensitivity of galaxy properties to larger 
scales, though, we will also consider densities measured on 
5.5 Mpc scales, ps.s. 

Note that the density estimate at a given galaxy may 
be arbitrarily low, since the density at that point is mea- 
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sured from the surrounding data, not including the point 
itself. Densities become significantly underestimated if the 
width of the Gaussian, 9, is comparable to the distance to 
the nearest boundary. We therefore only consider galaxies 
farther than 26 from a survey boundary when using these 
estimators. 

To see more directly what the density estimates on 
different scales are measuring, we show, in Fig. IC4I pie- 
diagrams for a section of the 2dFGRS. In each diagram, 
we show all galaxies that lie at least 11 Mpc from the sur- 
vey boundary^. Marked as thick, black circles are galaxies in 
different density environments, as labelled. For each of the 
three density estimators, we show galaxies in the highest 
and lowest ~ 6 per cent density environments. High values 
of both E5 and pi.i are good at finding relatively small, but 
dense clumps. At low densities, both estimators are good 
at finding isolated galaxies; however, E5 is unable to dis- 
tinguish truly isolated galaxies from those in low-density 
filaments in the plane of the sky, while pi.i measures as low- 
density some cluster galaxies that are elongated along the 
line of sight. In contrast with these, ps.s is sensitive to much 
larger scales. The densest galaxies, as measured on this scale, 
are only those in the massive supercluster, while the lowest- 
density environments are true voids, far from filaments or 
clusters. 



p5 j<0.004 Mpc-3 /56.6>0 03 Mpc-3 




Pi i<0.0001 Mpc-3 p, i>0.13 Mpc-3 




S5<0.09 Mpc-2 E5>5 Mpc-z 




Figure C4. Pie-diagrams (with redshift along the radial direc- 
tion and right ascension as the angle) for galaxies in the 2dFGRS 
within 0.5 degrees of zero declination, and within 11 Mpc of a sur- 
vey boundary. The filled circles show galaxies in different density 
ranges, as indicated above each panel. 



^ This motivates our choice to show the 2dFGRS data rather than 
the SDSS data. The SDSS DRl catalogue is much more patchy, 
and there are few large, contiguous regions where all galaxies are 
at least 11 Mpc from a boundary. 



© 0000 RAS, MNRAS 000, 000-000 



